Abstract. We determine the structure of a network of sites from which coral-based, proxy measurements of sea surface temperature (SST) variability minimize the error in a reconstruction of the large-scale features of the global SST field. For a wide range of coral-derived SST observational error and several minimization criteria, sites in the equatorial oceans, especially the central and eastern equatorial Pacific, best minimize the error in the reconstruction. If the observational error is sufficiently low, additional optimal sites are in selected subtropical locations. If the observational error is high, the error is minimized by resampling the most important equatorial sites. The marginal return on additional sites diminishes rapidly and is not sensitive to the size of the observational error: two sites reduce the analysis error by half as much as 10 sites, while the first 6-7 sites achieve half the error reduction of all 65 sites in the analysis domain. In the extratropics the reduction of reconstruction error is small and gradual, while error in the tropical Pacific is sharply reduced by 2-3 sites and gradually thereafter. These results suggest that a limited set of redundantly sampled sites with uncorrelated and low observational error (m0.3ø-0.6øC) will provide the best approach to reconstruction of large-scale features of the SST field from coral data for the preinstrumental period.
Introduction
As the available instrumental record is limited in most places to the past 150 years or less [Bottomley et al., 1990] , sea surface temperature (SST) field reconstruction from proxy measurements is the only technique by which historical variability may be placed in the context of natural variability. However, construction of spatially and temporally extensive proxy records is challenging. Not only do we currently lack the means by which to sample large portions of the ocean, but the expense and difficulty of constructing and testing proxy climate records precludes comprehensive sampling. Suppose, instead, that we seek to reconstruct a multicentury record of the large-scale features of a climate field such as SST, using only a sparse observational network of proxy observations. Such proxy estimates of SST can be made at high temporal resolution from the stable isotopic or trace metal composition of the aragonite formed by massive reef corals [ tively minimizes the estimated error in a reconstruction of the large-scale modes of spatial SST variability. In addition to estimation of the global mean temperature we will consider the entire class of optimal networks that may, for example, be used to best estimate area means (e.g., SST indices) of interest.
This paper presents the best set of sites from which to reconstruct the global SST temperature field from a sparse, as yet unrealized, network of coral-based time series. The analysis is based on the error formulation for optimal interpolation of sea surface temperature data via a reduced space of spatial SST covariance patterns. This approach to climate field reconstruction, which was first proposed by Cane et al. [1996] and Kaplan et al. [1997, 1998] for reconstruction of sea level height and sea surface temperature fields from spatially and temporally heterogeneous observations, is here applied to the problem of SST field reconstruction from a sparse network of coral-derived proxy data. In section 2 we describe the optimal interpolation field reconstruction technique. We next explain its application to the problem posed (section 3), and emphasize the assumptions made in the analysis (section 4). In section 5 we present networks of sites which minimize the field reconstruction error for specified input parameters, including some examples of networks derived from other minimization criteria, and discuss the implications of these results. • -E& -EPETHTR-XTo
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Site Optimization for SST Reconstruction From Corals
The previous section showed that the OI error covariance (equation (2)) may be recast as a function of the spatial SST anomaly covariance, the EOF variances, the measurement operator H, and the observational and space-reduction error (equation (8)). Now we consider the case in which the observational data consist of a spatially sparse network of hypothetical coral time series. The measurement operator H is taken to be a sparse matrix of locations of coral observational sites on the SST anomaly grid, with point value 1 in the i th row representing a location where the ith coral site is found and zero otherwise. We can now find the set of sites •-I which minimizes P, given E, A, and R. That the sampling from the SST field is derived from proxy measurements on corals imposes certain constraints on the problem, which are outlined below.
Locations of Potential Sites
Growth of corals suitable for our purpose is limited to regions with appropriate ranges of light, nutrients, sea surface temperature, and salinity [Sorokin, 1993] .
Coral colonies also require a substrate on which to establish themselves. These constraints limit the number of possible sites from which coral information may be obtained [Darwin, 1962] . For this analysis we se- 
Assumptions Made in This Analysis
The OI approach and parameter choices outlined in the preceding section incur several assumptions, which we briefly outline below before proceeding to a discus- GAL  GAL  COC  TAR  GAL  GAL  CVI  CVI  CHI  KIR  KIR  NAU  COC  KIR  KIR  KAP  TAN  PEN  FEL  GYM  ROC  FEL  COC  GYM  SOM  KAP  COC  GYM  TAR  SPR  SPR  GYM  COC  BAR  CVI  LAK  CVI  FEL  FEL  NAU  TAH  GAL  ABR  FEL  FEL  REU  KAN  TAH  ROC  TAR  TAR  SEY  BAR  ROC  ASC  REU  PEN  GYM  FEL  KAN  BER  ABR  TAH  TAR  CVI  TRU  AND  STH  TAH  CVI  SOM  CLI  OKI  GAL  GYM  DGA  GAL  GAL  SOL  CVI  JAM  CHR  STH  REU  REU  KAN  COC  TAN  SOL  YEM (150ø-80øW, 25øN-25øS) ; NA, analysis error for estimation of SST in the North Atlantic index region (15ø-60øW, 25ø-80øN) We should also note that the goal of reconstruction of the preinstrumental large-scale SST variability is merely one of many interests of the coral paleoclimatological community (for an overview, see Dunbar and Cole [1993] ). In this respect our results should not be considered as a blueprint for future coral research but rather should be placed within the larger context of coral-based paleoclimatological studies. Instead, we view the general approach described here as a tool to be used for the development of optimal sampling networks for geophysical or other field variables of interest.
ME, trace(P); G, analysis error for estimation of SST averaged over the global oceans; ETP, analysis error for estimation of SST in the eastern tropical Pacific index region

Results and Discussion
First, we present two sets of results for sequential site selection of 3 and 10 sites, representative of the results obtained for e = 0.1-1.0øC (Figures 3 and 4) . The first set (Figure 3) indicates that the reconstruction error at that location is equal in magnitude to the signal; a relative error reduction of 50% means that the analysis error has been reduced to half the size of the signal.
Optimal Site Selection
For a wide range of observational error the analysis always first picks the eastern equatorial Pacific (Gal•pagos grid box: 92.5øW, 2.5øS) and the central equatorial Pacific (Kiritimati grid box: 157.5øW, 2.5øN; Table 2 ). These sites are selected to capture the large SST anomaly variance associated with the E1 NifioSouthern Oscillation (ENSO) phenomenon. Additional site selection is sensitive to the observational error level; however, over the complete range of e there were no differences between the "fully optimal" and "sequential" solutions for up to six sites (results not shown).
At low observational error variance (e = 0.3øC; Figure 3a) the analysis seeks a third site distant from the previous two to explain other SST variance. The selected site is in the equatorial Indian Ocean (Felidhu grid box: 72.5øE, 2.5øN). Error reduction reaches 50% local to selected sites and is reduced by 10%-40% over much of the eastern tropical Pacific and the tropical Indian Ocean. At higher observational error (e --0.7øC; Figure 4a ) the analysis reduces error by additional sampling in the eastern Pacific (now the third site selected is the Guaymas grid box: 112.5øW, 27.5øN). Error reduction is not as geographically extensive as it is for the low observational error case; it is mostly confined to the eastern tropical Pacific and is marginal in the tropical Indian Ocean.
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Error Reduction in Index Averages
We have also computed the error reduction achieved in index regions of the world's oceans (see (10) Thus, while reconstructions using coral data with low e will recover pantropical and limited extratropical information, higher e will confine useful reconstruction results to the equatorial and tropical oceans.
Marginal Return on Additional Sites
Figure 6 also shows that there is a diminishing return with increasing number of sites sampled with little dependence on e. The error reduction achieved by the 2 sites, Kiritimati and Gal•pagos, is half the error reduction of 10 sites; the error reduction by 6-7 sites is about half the error reduction achieved by single sampling of all 65 sites in the analysis. These results suggest that a limited coral data set of low-e time series from critical locations may extract almost as much information about past SST variability as will a much more expansive, and expensive, network of sites. On the other hand, we also note that a network composed of all 65 sites sampled at very low ½ (e.g. ½ _< 0.3øC) may reduce the analysis RMS error to the level of that achieved by the historical $ST analysis during the poorest period of observational $ST coverage, 1861-1900; the global mean analysis error for this period is 0.3øC (Figure 6 ). In summary, the analysis suggests that annually averaged coral data from only a handful of sites with sufficiently small e may be used to reconstruct large-scale patterns of SST variability for the preinstrumental period with reasonably low analysis error.
Conclusion
We have derived sparse networks of sites for reconstruction of the global SST field. This is accomplished by minimizing the error in an optimal interpolation analysis of global SST anomaly as a function of observational error and observation site given a reduced space statistical model of the spatial covariance of sea surface temperature anomaly. We estimate observational error variance e 2 for SST derived from proxy measurements on corals but analyze results for a wide range of e. For the complete range of observational error variance e examined, central and eastern equatorial Pacific coral sites best minimize the mean error in a hypothetical global SST field reconstruction from coral data. If the observational error is sufficiently low, additional sites are chosen in the equatorial Indian and Atlantic Oceans and selected subtropical locations. If e is large, the analysis suggests that the best approach to minimizing the error is to reduce the observational error by resampling the most important sites. The marginal return on additional sites diminishes rapidly and is not sensitive to e: 2 sites reduce the analysis error by half as much as 10 sites, while the first 6-7 sites achieve half the error reduction of all 65 sites in the analysis domain. For index-averaged regions such as the eastern tropical Pacific the first two sites selected produce most of the error reduction; more remote index regions, such as the North Atlantic, require additional sites but reduce the error far less. Networks of sites derived using other analysis error minimization criteria pick different sites but underline the importance of the equatorial oceans, especially the Pacific and the Indian Oceans. These results suggest that a limited set of sites with low e (m 0.3-0.6øC) will provide the best approach to SST field reconstruction from coral data.
